Abstract Palladium nanoparticles and nanowires electrochemically deposited onto a carbon surface were studied using cyclic voltammetry, impedance spectroscopy and atomic force microscopy. The ex situ and in situ atomic force microscopy (AFM) topographic images showed that nanoparticles and nanowires of palladium were preferentially electrodeposited to surface defects on the highly oriented pyrolytic graphite surface and enabled the determination of the Pd nanostructure dimensions on the order of 50-150 nm. The palladium nanoparticles and nanowires electrochemically deposited onto a glassy carbon surface behave differently with respect to the pH of the electrolyte buffer solution. In acid or mild acid solutions under applied negative potential, hydrogen can be adsorbed/absorbed onto/into the palladium lattice. By controlling the applied negative potential, different quantities of hydrogen can be incorporated, and this process was followed, analysing the oxidation peak of hydrogen. It is also shown that the growth of the Pd oxide layer begins at negative potentials with the formation of a pre-monolayer oxide film, at a potential well before the hydrogen evolution region. At positive potentials, Pd(0) nanoparticles undergo oxidation, and the formation of a mixed oxide layer was observed, which can act as nucleation points for Pd metal growth, increasing the metal electrode surface coverage. Depending on thickness and composition, this oxide layer can be reversibly reduced. AFM images confirmed that the PdO and PdO 2 oxides formed on the surface may act as nucleation points for Pd metal growth, increasing the metal electrode surface coverage.
Introduction
In recent years, the study of phenomena and manipulation of materials at atomic, molecular and macromolecular scales, where properties can differ significantly from those at larger scale, has led to the design, characterization, production and application of nanostructures by controlling shape and size at the nanometer scale. Various materials such as nanotubes, nanoballs, nanodots and, in particular, nanoparticles [1] [2] [3] [4] and the references therein] show an increasing interest due to their unique optical, magnetic, electronic and chemical properties, which may differ greatly from those of the bulk material. Nanostructured materials have a great increase of specific surface area [5] compared with the bulk material, and the intrinsic properties of a particular material may be changed when it is finely divided. In particular, the use of nanoparticlemodified electrodes presents advantages when compared with macroelectrodes: High effective mass transport catalyzes and controls the local environment [5] . Nanoparticlemodified electrodes allow convergent rather than linear diffusion, which results in a higher rate of mass transport to the electrode surface [6] . On the other hand, the catalytic properties of some nanoparticles cause a decrease in the overpotential needed for a redox reaction to occur [7] .
Many metals have been investigated with respect to their possible role for nanoparticle and nanowire modification of electrode surfaces [8] [9] [10] . Among these, noble metals such as gold [11, 12 and the reference therein], silver [8] [9] [10] [13] [14] [15] or platinum [8, 9, 16, 17] have shown a greater stability, whereas nickel [18] , copper [19, 20] or iron [21] revealed some problems due to easy oxidation in solution or air.
Nanoparticle and nanowire formation of palladium are being investigated. A unique property of palladium among noble metals is its increased ability to adsorb, on its surface, and absorb, within its lattice, hydrogen, which gives palladium fundamental importance for many industrial processes such as catalysis, fuel cells, hydrogen storage and metal embrittlement [22] .
Research on palladium electrochemical behaviour started about three decades ago and was carried out using palladium metal electrodes [23] [24] [25] [26] [27] [28] or, more recently, gold [28, 30] or carbon electrodes [8] [9] [10] [31] [32] [33] [34] [35] [36] [37] modified with palladium in different ways. Microscopy techniques, such as atomic force microscopy (AFM) and scanning electron microscopy have been used to investigate the surface morphology of graphite electrodes modified with electrodeposited palladium nanoparticles [8, 9, 36, 38] and nanowires obtained by electrochemical step edge decoration [10, 35, 37] .
Research on palladium electrochemistry can be divided into investigations concerning the interaction of hydrogen with palladium and those related to the kinetics and mechanism of palladium oxide film growth.
The complexity of palladium electrochemical behaviour in aqueous media is well recognized [31] [32] [33] [34] [35] . Among the possible reactions involved are: monolayer oxide formation, metal dissolution, oxygen absorption and hydrous oxide formation [23] [24] [25] . An important feature is that hydrous oxide formation initiates in a process referred to as incipient hydrous oxide formation or pre-monolayer oxidation that occurs at significantly more negative potentials than the potential required to initiate conventional monolayer oxide formation. Although the existence of this process was initially controversial, incipient hydrous oxide formation is assumed to play a major importance in electrocatalysis. The low potentials involved are attributed to the fact that the incipient hydrous oxide is confined largely to surface metals of low coordination number, i.e. adatoms. These adatoms lack the regular lattice stabilization energy, thus, becoming an active form of the metal, which can explain the unusual low potential.
Due to the controversial information concerning Pd behaviour at carbon electrodes, the present work deals with the voltammetric characterization of the processes involved in the redox processes of palladium nanoparticles and nanowires electrochemically deposited at glassy carbon electrodes. Magnetic AC Mode AFM (MAC Mode AFM) and impedance spectroscopy were also used for a better characterization of the processes involved during the formation and oxidation of Pd nanoparticles and nanowires at the highly oriented pyrolytic graphite (HOPG) electrode surface.
Experimental

Materials and reagents
Palladium(II) chloride, obtained from Sigma-Aldich, was used without further purification. A stock solution of 0.1 M PdCl 2 was prepared in 3 M HCl and slowly warmed up under continuous stirring conditions to dissolve and was stored at room temperature. Solutions of different concentrations of PdCl 2 were prepared by dilution of the appropriate quantity in supporting electrolyte. All solutions were prepared using analytical grade reagents and purified water from a Millipore Milli-Q system (conductivity ≤ 0.1 μS cm −1 ).
Nitrogen saturated solutions were obtained by bubbling high purity N 2 for a minimum of 10 min through solution and continuing with a flow of pure gas over the solution during the voltammetric experiments. The supporting electrolyte solutions are described in Table 1 .
Microvolumes were measured using EP-10 and EP-100 Plus motorized microliter pippettes (Rainin Instrument, Woburn, USA). The pH measurements were carried out with a Crison micropH 2001 pH-meter with an Ingold combined glass electrode. All experiments were done at room temperature (25±1°C).
Atomic force microscopy HOPG, grade ZYB of 15×15×2 mm 3 dimensions, from Advanced Ceramics was used as a substrate in the AFM study. The HOPG was freshly cleaved with adhesive tape before each experiment and imaged by MAC Mode AFM to establish its cleanliness.
Electrochemical adsorption and deposition of palladium on the HOPG electrode surface were carried out in a onecompartment Teflon cell of approximately 12.5 mm internal diameter, holding the HOPG working electrode, on the bottom of the cell. A Pt wire counter electrode and an Ag Measurements were carried out in a 0.5-ml one-compartment electrochemical cell using a glassy carbon electrode (GCE; d=1.5 mm), with a Pt wire counter electrode and a Ag/AgCl (3 M KCl) electrode as reference. The GCE electroactive area was calculated to be 0.031 cm 2 using a solution of 0.5 mM hexacyanoferrate in pH 7 0.2 M phosphate buffer, using a value for the diffusion coefficient of hexacyanoferrate (II) of 7.35×10 −6 cm 2 s −1 [39] .
The GCE was polished using diamond spray (particle size 1 μm) before every electrochemical experiment. After polishing, the electrode was rinsed thoroughly with Milli-Q water for 30 s; then, it was sonicated for 1 min in an ultrasound bath and again rinsed with water. After this mechanical treatment, the GCE was placed in buffer electrolyte and various CVs were recorded at ν=100 mV s −1 until a steady state baseline voltammogram was obtained. This procedure ensured very reproducible experimental results. The deposition of Pd(0) nanoparticles and nanowires on the GCE surface from a solution of 100 μM PdCl 2 in pH 7.0 0.1 M phosphate buffer saturated with N 2 , after application of a potential of −1.00 V, vs Ag/AgCl (3 M KCl), during 30 min was studied. Afterwards, the electrode was rinsed with deionized water and placed in the electrochemical cell containing only the chosen supporting electrolyte.
Results
Redox behaviour of palladium chloride in solution
The redox reactions of palladium on GCE were investigated by CV in 100 μM PdCl 2 in pH 7.0 0.1 M phosphate buffer N 2 -saturated solution. Initially, the CVs were recorded over a wide potential range between variable negative potential limits and a positive potential limit of +1.40 V at a scan rate ν=100 mV s −1 .
The CVs were obtained starting at an initial potential of 0.0 V and scanning in the positive direction to the positive potential limit of +1.40 V. The scan was reversed to variable negative potential limits of: −0.30, −0.60, −0.80 or −0.90 V (Fig. 1a) . On the first and second CVs recorded, applying the negative potential limits of −0.30 and −0.60 V, respectively, no charge transfer reaction was observed during the negative-or the positive-going scans. On the third CV, after reaching the negative potential limit of −0.80 V, on the reverse scan in the positive-going direction, a small peak 1 a occurred at E 1 pa ¼ À0:35V. In a further CV after switching the scan direction at −0.90 V, peak 1 a occurred with a higher current. Thus, these experiments show that peak 1 a only occurs after applying a potential more negative than E≤−0.80 V.
Due to the complexity of the redox processes occurring at the GCE surface and to obtain information about the origin of these redox reactions, an experiment was performed using a clean GCE surface scanning between the positive potential limit of +1.40 V and a negative potential limit of −1.00 V. The first negative-going scan obtained in these conditions (Fig. 1b) shows no welldefined cathodic peaks. During the first CV, only the oxidation peak 1 a was observed.
On the second CV scan, a cathodic peak 3 c appeared at E 3 pc ¼ À 0:10V. Successive scans led to a considerable increase of the current of peak 3 c , but the peak current stabilized after five consecutive scans. However, two more reduction peaks 2 c and peak 5 c were observed at more negative potentials with smaller currents. Moreover, after reversing the scan direction, on scanning in the positive direction, it was observed that the broad peak 1 a , which occurred on the first CV scan (Fig. 1a ) now corresponds to an oxidation peak 1 0 a , E 1 0 pa ¼ À 0:31V, followed at more positive potentials by another peak 1 00 a E 1 00 pa ¼ À 0:21V. Also, increasing the number of scans, the anodic peak 1 0 a became broader, and peak 1 00 a became higher and narrower. An increase of the capacitive current at very negative and very positive potentials was observed with the number of scans.
These CV experiments using a glassy carbon electrode immersed in a solution of PdCl 2 clearly show that various palladium redox processes can occur. Based on the results already reported [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , the observed peaks can be related to the different possible palladium oxidation states such as Pd(0), Pd(II) and Pd(IV) that undergo several redox reactions such as Pd(0) nanoparticles deposit, or Pd(0) oxidation to Pd(II) and Pd(IV) and palladium oxide formation.
AFM characterisation of palladium nanoparticles and nanowires deposited electrochemically
As demonstrated by electrochemical experiments, palladium nanoparticles can be deposited onto glassy carbon substrates forming films of different thicknesses. Early reports [40] have shown that depending on the Pd(0) film thickness, hydrogen could be incorporated into the palladium lattice formed on the substrate.
AFM was used to investigate the deposition of palladium on a carbon electrode surface. To understand the processes that take place at the electrode surface during the electrochemical experiments, the morphological characteristics of an HOPG electrode were characterized using MAC Mode AFM. In all AFM experiments, the HOPG substrate was used as working electrode because, in comparison with the GCE, it is extremely smooth, inert in air and has easy to clean terraces on its basal plane, characteristics that are an important advantage in studying the morphological characteristics of the palladium films. In fact, the GCE has a r.m.s. roughness of 2.10 nm, and the HOPG electrode surface has a r.m.s. roughness of less than 0.06 nm for a 1,000×1,000 nm 2 surface area. As a control, CV experiments were performed using both GCE and HOPG electrodes, in a solution of PdCl 2 , and showed, as expected, an identical electrochemical behaviour.
The first approach was to analyse the palladium nanoparticles deposited on the HOPG electrode. The Pd(0) nanoparticles were deposited on HOPG from a concentrated solution of 1 mM PdCl 2 in pH 7 0.1 M phosphate buffer after performing five CVs recorded in the potential range of −0.50 to 0.00 V, vs AgQRE, scan rate ν=100 mV s −1 . The nanoparticles are formed at the negative potential due to Pd(0) electrochemical deposition. The AFM images were obtained ex situ after drying the sample as described in "Atomic force microscopy". Small Pd(0) nanoclusters were observed on the AFM images ( Fig. 2a) with a linear arrangement on the HOPG surface, demonstrating de predisposition of the metal nanoparticles to preferentially attach to defects on the HOPG surface, such as step edges and lattice point defects. The small nanoparticles deposited on the HOPG step edges (Fig. 2b) had sizes of 12 to 26 nm height and 50 to 80 nm full width measured at half maximum height (FWHM).
Increasing the number of consecutive CV scans to 15, no significant difference in the nanoparticle distribution on the electrode surface was observed. However, the dimensions of the three-dimensional nuclei increased to 25-40 nm height and 120-150 nm FWHM.
Ex situ AFM was used to observe the deposition of palladium obtained by CV recorded in a 1 mM PdCl 2 solution, with the potential range between −0.50 and +0.90 V, vs AgQRE, scan rate ν=100 mV s −1 . After five CVs, (data not shown), most HOPG step edges were filled with palladium nanoparticles of slightly larger dimensions, with 15-30 nm in height and 70-90 nm FWHM. Occasionally, very small fragments were imaged on the flat terraces of the HOPG. Considering the potential range used, the nanoparticles formed are expected to be a mixture of Pd(0) and Pd oxides. After 15 CVs, two different adsorbed structures were clearly observed using highresolution AFM images ( Fig. 2c and d) . Palladium nanoparticles were deposited at the HOPG step edges, as well as randomly nucleated on the HOPG plane terraces, presenting dimensions of 17-50 nm in height and 100-130 nm FWHM (Fig. 2e) .
In addition to the Pd(0) nanoclusters, very small fragments were observed in the images of 1-5 nm in height (Fig. 2d and f ) . These very small fragments are well distributed over the whole electrode in between the palladium nanoparticles. Due to the presence of the palladium nanoparticles, the surface observed by AFM is very rough. Consequently, the z-scale of the image had to be amplified for a better visual contrast between these two adsorbed structures.
However, the geometric parameters of the AFM tip still represent a limiting factor in the high-resolution investigation. For small palladium clusters, the AFM-measured width is larger than the real diameter of the deposit due to the convolution effect of the tip radius which is approximately 10 nm. In these AFM experiments, different Silicon MAClevers were used, with unknown exact dimensions, being not possible to deconvolute the tip contribution to the AFM-measured particles diameter.
In another experiment, in situ AFM was employed to investigate the formation of Pd(0) deposits on the HOPG electrode (Fig. 3) using a solution of 100 μM PdCl 2 and an applied negative potential of −1.00 V, vs AgQRE, for a long incubation time of 30 min. Short, as well as long, up to 7 μm, Pd(0) nanowires were observed on the HOPG surface step edges (Fig. 3a) . The Pd nanowires showed ramifications after the changes in the direction of the HOPG step edges (Fig. 3b) . High-resolution images clearly show a beaded morphology of the Pd(0) nanowires (Fig. 3b) , each Pd nanowire being composed of a string of small nanoparticles of 20-60 nm in diameter. The height of the Pd nanowires measured by section analysis in the images was 27.8±4.6 nm, and the FWHM between 50 and 120 nm (Fig. 3c) .
When multiple defects were simultaneously present on the surface of the HOPG electrode, Pd(0) deposited in aggregates and looped filaments. In Fig. 3d is shown the formation of such a complex structure, a ringed Pd(0) nanowire, with the nanoparticles joined together on its upper part forming an aggregate with the appearance of a honeycomb. The round nanowire is formed due to the presence of different closely disposed neighbour steps on the surface of HOPG.
The series of three HOPG steps lying under the Pd(0) nanowire circular structure is better evidenced in the digital zoom (Fig. 3e) correspondent to the black quadrant in the topographical image in Fig. 3d . The image from Fig. 3e is the amplitude image recorded simultaneously with the image in Fig. 3d . The three HOPG steps are marked with red arrows in the topographical and amplitude images and on the cross-section profile (Fig. 3f) , and the vertical distance between the first and the second step is 3.14 nm, and between the second and the third one is 1.77 nm. From the ringed Pd(0) nanowire, three linear Pd(0) nanowires were formed, following separate step edges emerging on the surface of the HOPG electrode (Fig. 3d) .
Redox behaviour of palladium nanoparticles and nanowires deposited electrochemically
The AFM topographic images clearly show the electrochemical deposition of Pd(0) nanoparticles and nanowires on the HOPG surface. Palladium nanoparticles and nanowires were deposited electrochemically on the GCE surface under the same experimental conditions. Electrochemical characterisation of the Pd(0) nanostructures deposited on GCE was carried out using CV with the Pd(0) nanostructure-modified GCE immersed in buffer solution. This presents the advantage that all redox processes occurring are from the Pd(0) nanostructures deposited on GCE surface with no contribution from palladium species diffusing from bulk solution. The GCE with Pd(0) nanoparticles enabled the study of the redox reactions of only deposited palladium.
The Pd(0) nanoparticles were first deposited on the GCE electrode from a concentrated solution of 100 μM PdCl 2 in pH 7 0.1 M phosphate buffer after applying a conditioning potential of −1.00 V for different periods of time (5, 15 and 30 min; Fig. 4) . The CVs were recorded in the potential range −0.6 to +1.0 V to avoid anomalous behaviour of palladium that can occur at high potentials [41] and clearly showed the deposition of Pd(0) nanostructures on the GCE surface. Longer deposition times led to higher peak currents in agreement with a higher amount of Pd(0) deposited on the GCE surface.
The CVs in buffer solution were started at 0.0 V going in the positive direction, and the potential range was −0.50 to +1.00 V. The current started increasing at E 3 pa ¼ þ 0:20V, peak 3 a , which corresponds to Pd oxide formation. At higher positive potentials, a small shoulder can also be observed, peak 4 a , E 4 pa ¼ þ 0:55V. On the reverse CV scan, in the negative-going direction, reduction peak 3 c occurs at E 3 pc ¼ À 0:02V corresponding to reduction of the Pd oxide layer formed. Another cathodic peak 2 c appears at E 2 pc ¼ À 0:45V, and after switching the scan direction, two more oxidation peaks were observed, peak 1 a at E 1 pa ¼ À 0:50V and peak 2 a at E 2 pa ¼ À 0:30V. To clarify the redox process corresponding to peak 1 a and peak 2 a , another experiment was carried out after deposition of Pd(0) nanoparticles on the GCE surface at +1.00 V during 30 min. The Pd oxide layer is formed at +1.00 V, and the corresponding redox peaks 3 c -3 a and peak 4 a were very reproducible. The CVs in Fig. 5 were recorded between a positive potential limit of +1.00 V and progressively more negative potential limits of −0.25, −0.55, −0.60 and −0.65 V. In the first scan, when the scan direction was reversed at −0.25 V, before the occurrence of peaks 2 c -2 a , no oxidation peaks at negative potentials were observed, as expected. In the next scan, which was reversed at −0.55 V, they appeared and show that peaks 2 c -2 a correspond to a reversible couple (Fig. 5) . Subsequent scans, reversing at −0.60 and −0.65 V, showed the appearance of another oxidation peak 1 a occurring at more negative potentials than peak 2 a , and the current increased as the reversing potential decreased. This effect suggests that peak 1 a is due to the oxidation of hydrogen atoms adsorbed during the negative-going scan onto the Pd(0) nanoparticles on the GCE. However, a more negative potential limit did not affect the currents of the peaks 2 c and 2 a , which remained almost constant (Fig. 5) .
In further experiments, the CVs in buffer were recorded at a constant negative potential limit of −0.55 V, increasing the positive potential limit in the order: +0.25, +0.30, +0.35, +0.55, +0.80 and +1.00 V, to show the different steps of Pd oxide layer formation (Fig. 6 ). Scanning until a positive potential limit less than +0.40 V, the potential of the oxide film reduction peak 3 c shifted very slightly to more positive potentials and reaches E 3 pc ¼ þ 0:16V (Fig. 6a) . This means that at the beginning of oxide film formation, the nuclei behave reversibly, peak 3 a , E 3 pa ¼ þ 0:20V (Fig. 6a) . However, after applying positive potential limits higher then +0.40V (Fig. 6b) , the peak 3 c potential moves towards considerably less positive values reaching E (Fig. 7a) or after deposition of Pd onto the GCE surface (Fig. 7b) , clearly showing that all palladium redox process are pH-dependent.
In solution, two important features should be stressed. First, the CV obtained at acid pH showed an oxidation peak on the first scan at E pa =+0.60 V (Fig. 7a) . It is important to note that this peak also occurs when the scan is started at 0.0 V in the positive direction (not shown). This peak corresponds to the oxidation of Pd 2+ with the formation of Pd 4+ . Second, in the CV obtained in alkaline pH, a small cathodic peak occurred on the first scan at E pc =−0.95 V (Fig. 7a) . This peak is due to the reduction of Pd 2+ and the electrochemical deposition of Pd(0) nanoparticles on the GCE.
CVs at different values of pH of deposited Pd(0) nanoparticles on the GCE surface (Fig. 7b) show the palladium redox process much more clearly. In acid electrolyte, the CVs were similar to those obtained in neutral media. Nevertheless, higher peaks were obtained in acid solutions probably due to the higher concentration of H + (aq). A noticeable difference was observed in alkaline electrolyte where all the currents were smaller. Palladium oxide layer formation was very well defined +0.40 V, but on the negative-going scan, the palladium oxide layer reduction peak occurred with a much smaller current. Moreover, peak 2 c occurs at lower potentials, but no evidence of a reversible oxidation was observed. These facts could be explained taking into consideration the formation of a more stable palladium oxide/hydroxide layer on the electrode surface in alkaline media caused by the much higher concentration of OH − at the electrode/solution interface.
Impedance spectroscopy
Electrochemical impedance spectroscopy measurements were carried out to clarify the behaviour of the palladium nanostructures electrochemically deposited on the GCE, and the results will be compared with the voltammetric data. Impedance spectra of deposited Pd(0) nanoparticles on the GCE surface (Fig. 8) were recorded in pH 7 0.1 M phosphate buffer at different potentials corresponding to the hydrogen evolution region, as well as at potentials matching the premonolayer oxidation and oxide layer formation. On the complex plane plot obtained at low potentials, in the hydrogen evolution region, the semicircle obtained in the high-frequency range corresponds to a charge transfer The next impedance spectrum was recorded at an applied potential of −0.40 V corresponding to the end of the hydrogen absorption region and just before the occurrence of peak 2 c . The complex plane plot also shows a semicircle at high frequencies in agreement with the incipient oxidation of palladium metal nanoparticles. At lower frequencies, a capacitive behaviour was observed, which can be attributed to a hydrous oxide monolayer formed on the GCE surface.
The impedance spectra obtained at higher positive potentials showed a capacitive behaviour typical of adsorbed films. Increasing the applied potential to +0.80 V, an enhancement in the capacitive behaviour was clearly observed.
Discussion
Although no charge transfer reaction can be observed on the first negative-going scan in Fig. 1a and b, the occurrence of peak 1 a on the first positive-going scan can be explained by the reduction of Pd 2+ ions to Pd(0) in a redox mechanism that involves the transfer of two electrons. Effectively, due to the high negative peak potential for glassy carbon only in pH 10.6 100 μM PdCl 2 solutions (Fig. 7a) , a small peak on the first recorded CV, as evidence of the reduction of Pd 2+ ions, was observed. After oxidation of Pd 2+ , a layer of palladium metal nanoparticles was formed on the electrode surface and clearly shown by AFM (Figs. 2 and 3) .
The shape of the peaks 1 0 a and 1 00 a in the voltammograms in Fig. 1b are explained taking into consideration one of the most important properties of Pd which is the ability to adsorb, on its surface, and absorb, within its lattice, hydrogen.
On scanning the potential in the negative direction, Pd metal is formed and deposited on the electrode surface, and when the potential reaches sufficiently negative values (Figs. 1a and 4) , protons are reduced to hydrogen, which is adsorbed on the palladium surface and absorbed into the palladium lattice, and scanning in the positive direction, peak 1 a , appears due to the oxidation of hydrogen atoms. At a more negative applied potential of −1.00 V and increasing the number of scans in Pd 2+ solution, more Pd metal is deposited on the GCE surface, which allows the incorporation of more hydrogen into the Pd lattice (Fig. 1b) . The consequence is the possibility of a good separation of peak 1 a in two peaks, 1 0 a and 1 a , corresponding to the oxidation of hydrogen atoms in the adsorbed and the absorbed layers within the palladium lattice. AFM confirmed that Pd(0) nanoparticles were formed during the CVs performed at negative potentials ( Fig. 2a and b) .
When the potential was scanned to high positive values, E>+1.20 V, the splitting of peak 1 a also occurred (Fig. 1b) . This is explained by identifying peak 1 0 a with the oxidation of hydrogen adsorbed on the surface of palladium and peak 1 00 a with the oxidation of hydrogen absorbed into the palladium metal lattice. This effect was not observed when the potential was scanned only in the negative potential region, between 0 and −1.00 V (not shown), or when the potential was scanned to E<+1.20 V (Fig. 6) . Thus, it can be concluded that splitting of peak 1 a is directly related with disruption of the palladium lattice or of the palladium oxide layer, and this occurs at high positive applied potentials [41] . For this reason, all other CV experiments were carried out at E<+1.20 V.
At positive potentials, Pd(0) nanoparticles deposited on the GCE surface are oxidized to Pd 2+ or Pd 4+ and form a palladium oxide layer. The PdO starts being formed at +0.20 V (Fig. 4) . Additionally, it was shown by recording CVs in acidic solutions that higher oxidation states of Pd, most probably Pd 4+ , were also involved (Fig. 7a) , leading to the formation of a second PdO 2 layer [42] , which can explain the occurrence of the small oxidation plateau of peak 4 a at E 4 pa ¼ À 0:55V (Fig. 5) . A peak corresponding to the formation of palladium oxide was also observed on the first CV scan from zero towards positive potentials in the PdCl 2 solution in acid media (Fig. 7a) . The Pd oxides are reduced on the negative-going scans, leading back to Pd metal. Depending on the positive potential limit, the Pd oxide layer reduction occurs in a reversible or irreversible manner. When the scan was inverted at E<+0.40 V, the PdO reduction undergoes a reversible reduction. However, for E>+0.40 V, the reduction of the palladium oxide layer behaves irreversibly, and this can be explained by the formation of a PdO 2 oxide layer.
Scanning the potential in the positive direction ( Fig. 2c  and d) , until E=+0.90 V, two different size adsorbed structures were observed in the AFM images related with the adsorption of large Pd(0) nanoparticles and uniformly distributed smaller palladium oxide nanoparticles on the HOPG surface. The PdO and PdO 2 formed adsorb on the plane terraces of the HOPG and can also act as nucleation sites for the growth of Pd(0) nanoparticles. This explains the more uniform distribution of the nanoparticles over the electrode surface formed at E=+0.90 V when compared with the Pd(0) nanoparticles and nanowires grown at E=−1.00 V that are preferentially deposited on the HOPG step edges (Figs. 2a,b and 3) .
Experiments carried out with Pd(0) nanoparticles on the GCE surface in buffer electrolyte, i.e. with no diffusing species from bulk solution, have clearly indicated that the formation of the palladium oxide layer begins at negative potentials, peak 2 a -2 c (Figs. 5 and 6 ). This process is due to the existence of highly active palladium metal adatoms that can undergo a reversible adatom/incipient oxide formation in the hydrogen adsorption region of palladium. Such a transition has been postulated earlier [43] , but more recent works showed experimental evidence of the formation of a pre-monolayer oxide on the surface of metal palladium [41] and also of other noble metals [44] .
Pre-monolayer oxidation processes at metal surfaces may be understood on the basis of metal nanoparticles [43] . The important feature is that as these particles are extremely small, the redox potential is size dependent. This has been explained taking into account that the isolated metal atom is a highly electropositive species, an effect attributed to the decrease of lattice stabilization energy [23] [24] [25] 43] or to the presence of quantum confinement effects [45] . Based on these, it is suggested that the dispersed palladium metal atoms on the electrode surface are responsible for the pre-monolayer oxidation effects.
Thus, the PdO layer formation is initiated with the formation of the pre-monolayer oxide film on the electrode surface in a fast discharge of either H 2 O or OH − to produce PdOH species. At the monolayer level, oxide films on noble metal surfaces can be irreversibly transformed into a more stable structure either through a dismutation process called the place exchange mechanism [26, 27] or through an electrochemical process that involves the transfer of electrons and protons with the participation of OH − [46] .
Independently of the mechanism, the result of these processes is the formation of a PdO film onto the electrode surface (Fig. 5 ) starting with an increase in current at about +0.20 V that continues with a plateau. Furthermore, in higher resolution AFM images, scanning the surface for the first time between −0.5 and 0.0 V (Fig. 2a  and b) , very small deposits of palladium on the basal plane of the HOPG can be observed, which are easily removed by the AFM tip while scanning the sample. These small deposits are probably related with the formation of the Pd pre-monolayer oxide film that occurs at negative potentials.
Conclusions
The ex situ and in situ AFM and voltammetric experiments showed that nanoparticles and nanowires of palladium can be electrodeposited on the surface of carbon electrodes (HOPG and GCE), being preferentially attached to surface defects. The AFM study enabled the determination of the dimensions of the Pd nanostructures.
The palladium nanoparticles and nanowires electrochemically deposited onto a carbon surface behave differently with respect to the pH of the electrolyte buffer solution. In acid or mild acid solutions under applied negative potentials, hydrogen can be adsorbed/absorbed onto/into the palladium lattice. By controlling the applied negative potentials, different quantities of hydrogen can be incorporated, and this process is followed by analysing the oxidation peak of hydrogen. At high positive potentials, Pd(0) nanoparticles on the electrode surface undergo oxidation, and the formation of an oxide layer can be observed. AFM images showed that PdO and PdO 2 oxides formed on the surface may act as nucleation points for Pd metal growth, increasing the metal electrode surface coverage. Due to the existence of higher Pd oxidation states, the growth of PdO 2 film is possible, and this reaction is irreversible. It has been shown that the formation of Pd pre-monolayer oxide film begins at negative potentials, although well separated from the hydrogen evolution region. This effect is related to the presence of highly active metal palladium adatoms on the electrode surface. These atoms can undergo a reversible adatom/ incipient oxide formation at much lower potentials when compared with classical oxide layer formation, a highly relevant effect in electrocatalytic processes.
